Drosophila Lgr3 Couples Organ Growth with Maturation and Ensures Developmental Stability  by Colombani, Julien et al.
ReportDrosophila Lgr3 Couples Organ Growth with
Maturation and Ensures Developmental StabilityGraphical AbstractHighlightsd The relaxin family receptor Lgr3 controls Dilp8-induced
developmental delay
d A single pair of bilateral Lgr3-positive (GCL) neurons
mediates Dilp8 function
d GCL neurons physically interact with PTTH neurons
d Lgr3 signaling in GCL neurons coordinates growth and limits
developmental variabilityColombani et al., 2015, Current Biology 25, 2723–2729
October 19, 2015 ª2015 Elsevier Ltd All rights reserved
http://dx.doi.org/10.1016/j.cub.2015.09.020Authors
Julien Colombani, Ditte S. Andersen,
Laura Boulan, ..., Virginie Virolle,
Michael Texada, Pierre Le´opold
Correspondence
ditte.andersen@unice.fr (D.S.A.),
leopold@unice.fr (P.L.)
In Brief
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controls the production of the steroid
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Early transplantation and grafting experiments
suggest that body organs follow autonomous
growth programs [1–3], therefore pointing to a
need for coordination mechanisms to produce
fit individuals with proper proportions. We re-
cently identified Drosophila insulin-like peptide 8
(Dilp8) as a relaxin and insulin-like molecule
secreted from growing tissues that plays a central
role in coordinating growth between organs and
coupling organ growth with animal maturation [4,
5]. Deciphering the function of Dilp8 in growth co-
ordination relies on the identification of the recep-
tor and tissues relaying Dilp8 signaling. We show
here that the orphan receptor leucine-rich repeat-
containing G protein-coupled receptor 3 (Lgr3), a
member of the highly conserved family of relaxin
family peptide receptors (RXFPs), mediates the
checkpoint function of Dilp8 for entry into matura-
tion. We functionally identify two Lgr3-positive
neurons in each brain lobe that are required to
induce a developmental delay upon overexpres-
sion of Dilp8. These neurons are located in the
pars intercerebralis, an important neuroendocrine
area in the brain, and make physical contacts
with the PTTH neurons that ultimately control
the production and release of the molting steroid
ecdysone. Reducing Lgr3 levels in these neu-
rons results in adult flies exhibiting increased
fluctuating bilateral asymmetry, therefore recapitu-
lating the phenotype of dilp8 mutants. Our work
reveals a novel Dilp8/Lgr3 neuronal circuitry
involved in a feedback mechanism that ensures
coordination between organ growth and develop-
mental transitions and prevents developmental
variability.Current Biology 25, 2723–2RESULTS
A Functional Screen for the Dilp8 Receptor
Identifies Lgr3
The development of Drosophila larvae is marked by an intense
growth of imaginal structures called discs that stops with matu-
ration or metamorphosis. Organ growth coordination is crucial
during this period, allowing corrections for abnormal growth
(injury, slow growth, or tumoral growth) as well as maintenance
of proper body proportions. Growth coordination involves a
checkpoint that delays the transition from juvenile development
to maturation [1]. This mechanism ensures that organs reach
their appropriate sizes before the end of larval development. In
addition, a continuous growth feedback mechanism allows tis-
sues to synchronize their growth while they develop [6]. We pre-
viously identified the coordination hormone Dilp8 in a genetic
screen for molecules coupling organ growth with developmental
transitions [4]. Dilp8 is secreted from injured or abnormally
growing organs and acts remotely on the central brain complex
to suppress production of the molting hormone ecdysone by the
prothoracic gland (PG; a substructure of the larval ring gland),
thereby delaying the developmental transition from larvae to
pupae [4, 5]. Interestingly, dilp8 mutant animals display in-
creased fluctuating bilateral asymmetry, pointing to a role
of Dilp8 in coordinating growth between organs in healthy ani-
mals [5]. To gain insight into Dilp8 function, we designed a ge-
netic screen to identify its receptor and target tissue(s). We
reasoned that silencing of the receptor for Dilp8 in its target
tissue would rescue the delay induced by Dilp8 overexpression.
For this purpose we made use of two binary systems [7]
allowing the simultaneous disc-specific expression of dilp8
(rn-LexA>lexAop-dilp8) and RNAi-mediated knockdown of a
collection of membrane receptors in candidate target tissues
(tissue-specific-GAL4>UAS-RNAi) (Figure 1A). We previously
showed that co-culturing ring gland/brain complexes with
dilp8-expressing imaginal discs is sufficient to suppress ecdy-
sone activity [4], implementing that Dilp8 acts either directly on
the PG to control ecdysone production or through a neuronal
relay localized in the brain. To distinguish between these
possibilities, we designed three RNAi-mediated knockdown729, October 19, 2015 ª2015 Elsevier Ltd All rights reserved 2723
Figure 1. The Lgr3 Receptor Is Required in the Brain for the Dilp8-
Induced Developmental Delay
(A) Screening scheme: the rn>LexA/lexAop (LOP)-dilp8 construct allows
overexpression of dilp8 in discs and induces a developmental delay. This delay
is used to screen a biased RNAi collection targeting membrane receptors in
the glia, the brain neurons, or the prothoracic gland (PG) using the GAL4/UAS
system.
(B–D) Larval brains and ring gland dissected 116 hr after egg deposition (AED).
GFP highlights expression patterns of syb-GAL4 in the brain neurons (B), repo-
GAL4 in the glia (C), andPO206-GAL4 in the ring gland (PG + corpora allata; D).
(E) Rescue of the Dilp8-induced delay at pupariation upon silencing lgr3 in the
brain using the syb-GAL4 driver. Silencing lgr4 has no effect on the pupariation
time. Percentage of larvae that have pupariated at the indicated hours AED is
shown (n > 90, triplicate experiments, error bars represent SEM).strategies, targeting all G protein-coupled receptors (GPCRs)
(see Table S1) and insulin-like receptors in the PG (P0206-
GAL4) or in the CNS using glia (repo-GAL4) and neuron (synap-
tobrevin (syb)-GAL4) drivers (Figures 1B–1D). Individual knock-2724 Current Biology 25, 2723–2729, October 19, 2015 ª2015 Elsevidown of each of these receptors in the glia and the PG did not
rescue the delay induced by overexpression of Dilp8, suggesting
that neither of these tissues is a direct target of Dilp8. By
contrast, screening the same collection of receptors using the
neuronal tester-line (rn-LexA>lexAop-dilp8; syb-GAL4), we iden-
tified one candidate RNAi line that fully rescued the delay (Fig-
ures 1B and 1E). This RNAi line targets the leucine-rich repeat-
containing G protein-coupled receptor 3 gene (lgr3). We
confirmed the rescue of the delay using a second RNAi line tar-
geting lgr3 expression (Figure 1E). Lgr3 is an orphan receptor
that belongs to the highly conserved family of relaxin family pep-
tide receptors (RXFPs), sharing 34% identity with human RXFP1
and RXFP2 [8, 9]. We further observed that neuronal silencing of
lgr4, which encodes the other orphan fly member of the RXFP
family, does not rescue the Dilp8-induced delay (Figure 1E).
Identification of the Dilp8-Responsive Neurons
To visualize the lgr3 expression pattern, we generated a trans-
genic line carrying a genomic bacterial artificial chromosome
(BAC) containing the entire lgr3 locus with the first coding exon
replaced by aGAL4::VP16 cassette (aligned at the ATG initiation
codon) and combined with a new 30 UTR (lgr3-GAL4, see Fig-
ure 2A). We used the lgr3-GAL4 line to drive expression of GFP
and observed a limited number of GFP-labeled neurons local-
ized in the brain lobes and several along the ventral nerve cord
(Figure 2B). Using this GAL4 driver line, we could not detect
GFP in other examined larval tissues including the PG, fat body
and mitotic tissues, suggesting that lgr3 is predominantly ex-
pressed in the brain as reported in Fly Atlas and [9]. We next
generated a tester line allowing dilp8 expression in the discs
while knocking down lgr3 using aGAL4driver of choice (rn-LexA>
lexAop-dilp8, lgr3-RNAi). Crossing this line to the lgr3-GAL4
driver fully rescues the 30-hr delay induced by overexpression
of dilp8 (Figure 2D). This shows that Lgr3 signaling is required
in one or several neurons targeted by the lgr3-GAL4 line to
mediate the Dilp8-induced delay. To specify these Lgr3-positive
neurons, we analyzed other transgenic lines expressingGAL4 un-
der the control of fragments of the lgr3 promoter (Janelia Rubin
Gal4 collection; [10]). Out of five lines tested, only one (R19B09-
GAL4, Figure 2C) efficiently rescued the delay induced by Dilp8
(Figure 2E). Therefore, a subpopulation of neurons targeted by
both lgr3-GAL4 and R19B09-GAL4 is needed to mediate this
function. To identify these neurons, we conducted intersection-
staining experiments combining R19B09-LexA-driving expres-
sion of a GFP (R19B09-LexA>lexAop-GFP) with lgr3-GAL4-
driving expression of a red fluorescent protein (RFP) (lgr3-GAL4>
UAS-RFP). Strikingly, a single pair of bilateral neurons in the brain
lobes stained positive for bothGFP and RFP, hereafter referred to
as growth coordinating Lgr3 (GCL) neurons (Figures 3A–3A0 0 0). No
overlap was observed in the ventral nerve chord (Figures 3A–
3A0 0), suggesting that neurons in this area are not necessary for
Dilp8-induced developmental delay. We confirmed this intersec-
tion by removing the transcription stop cassette of a UAS>-
stop>GFP using the R19B09LexA>LOP-flp combined with lgr3-
Gal4. In this genetic context, only the two GCL neurons and their
projections are labeled with GFP (Figure 3B), identifying them as
necessary neurons for mediating the timing function of Dilp8. The
cell bodies of the two GCL neurons are located in the anterior
midline area of the brain known as the pars intercerebralis, whicher Ltd All rights reserved
Figure 2. Lgr3 Is Expressed in a Subpopulation of Neurons in the
Brain
(A) Schematics of the modified lgr3 locus where part of the first coding exon is
replaced by GAL4::VP16 (top) and the structural domains present in the Lgr3
protein (bottom). LDLa, low-density lipoprotein receptor domain class A; LRR,
leucine-rich repeat; TM, trans-membrane domain.
(B and C) Larval brains dissected 110 hr AED. GFP is used to visualize the
expression patterns of the lgr3-GAL4 (B) and R19B09-GAL4 (C) drivers.
(D and E) Rescue of the Dilp8-induced delay upon silencing of lgr3 in neurons
targeted by lgr3-GAL4 (D) and R19B09-GAL4 (E) driver lines. Percentage of
larvae that have pupariated at the indicated hours AED is shown (n > 90,
triplicate experiments, error bars represent SEM).
Current Biology 25, 2723–2contains the majority of the neurosecretory cells (NSCs), some
of which project onto the ring gland [11]. Close examination of
the GCL neurons reveals that they do not project on the PG,
suggesting that they may serve as intermediate neurons in the
circuitry controlling ecdysone production. Interestingly, the
GCL neurons present a dense axonal arborization projecting to-
ward the medial-lateral part of the brain and surrounding the
dendritic projections of PTTH-positive neurons (Figures 3C
and S1A–S1C0 0 0). PTTH neurons project their axons onto the
PG and control ecdysone production by activating the PTTH re-
ceptor Torso on PG cells [12, 13]. This suggests that GCL neu-
rons control ecdysone biosynthesis by modulating PTTH neuron
activity and/or the production and/or release of PTTH. In line
with this, GFP reconstitution across synaptic partners (GRASP)
[14, 15] reveals a cloud of GFP-positive dots in this area, indic-
ative of physical connections between the two populations of
neurons (Figures 3D and 3D0).
Lgr3 Signaling in GCL Neurons Systemically Controls
Tissue Growth
We previously showed that overexpression of Dilp8 in imaginal
discs induces a reduction of their growth rate [4]. This suggests
that in condition of growth perturbation, the secretion of Dilp8 by
slow-growing tissues could remotely inhibit growth of unaffected
organs, thereby contributing to growth coordination. However,
whether this growth inhibition involves local effects of Dilp8 on
peripheral tissues or systemic effects relayed by endocrine
signals, or both, is not known. To address this question, we
measured the size of wing discs from control, rn-LexA>lexAop-
dilp8, and rn-LexA>lexAop-dilp8/lgr3-GAL4>lgr3-RNAi animals.
Overexpressing dilp8 using rn-LexA>lexAop-dilp8 recapitulated
the disc growth inhibition previously reported with the analogous
GAL4/UAS system (Figure 4A) [4]. Silencing lgr3 using either
lgr3-GAL4 or R19B09-GAL4 fully rescued disc growth inhibition
(Figures 4A and S2), suggesting that Lgr3 is required in the GCL
neurons to inhibit the growth of peripheral tissues in a systemic
manner. This suggests that Dilp8/Lgr3 signaling in GCL neurons
could modulate systemic growth through the control of ecdy-
sone production. This is in line with previous findings showing
that ecdysone promotes growth of imaginal tissues [16–19]
and that feeding animals with ecdysone is sufficient to abrogate
inter-organ growth coordination [6].
Lgr3 Signaling in GCL Neurons Is Required for the
Maintenance of Bilateral Symmetry
dilp8 mutant individuals display strong deviations from bilateral
symmetry [5], a phenotype referred to as fluctuating asymmetry729, October 19, 2015 ª2015 Elsevier Ltd All rights reserved 2725
Figure 3. Identification of Lgr3 Neurons Relaying the Dilp8-Induced
Delay
(A–A0 0 0 ) The expression patterns of R19B09-LexA and lgr3-GAL4 were simul-
taneously visualized using LexAop-GFP (A and A0 0 0 ) and UAS-RFP (A0 and A0 0 0).
Only one pair of bilateral neurons stains positive for both GFP and RFP (white
arrows) on larval brains dissected 110 hr AED. DAPI was used to stain the
nuclei (A0 0 and A0 0 0).
(B) R19B09-LexA induced expression of a flipase removing a transcriptional
stop cassette and thus allowing labeling with GFP of the intersection with the
lgr3-GAL4 driver. Only one pair of bilateral neurons (white arrows) and their
projections (yellow arrowheads) stain positive for GFP on larval brains
dissected 110 hr AED.
(C) XZ section of dissected larval brains expressing GFP under the control of
R19B09-LexA driver (green) and stained for PTTH (purple). Axons of the GFP-
positive cells intersect with those of the PTTH neurons.
(D and D0) GFP reconstitution across synaptic partners (GRASP) shows syn-
aptic connections between Lgr3 and PTTH neurons.R19B09-LexA and PTTH-
GAL4 were simultaneously used to express membrane-tethered split-GFP.
Reconstituted GFP is directly visualized in green (D and D0 ); Lgr3 neurons are
labeled in red by a membrane-associated RFP (D0 ), and PTTH neurons are
labeled in blue (D0).
2726 Current Biology 25, 2723–2729, October 19, 2015 ª2015 Elsevi(FA) that is frequently used to assess the level of developmental
noise [20]. Thus, Dilp8 plays a central role in ensuring inter-organ
growth coordination and developmental stability. We find
that decoupling dilp8 expression from organ growth by overex-
pressing dilp8 in the discs also leads to an increase in FA
(Figure 4B). Therefore, growth coordination relies on a tight
coupling between dilp8 levels and the growth status of organs.
To test whether Lgr3 mediates this coupling, we reduced Lgr3
levels in the PG (PO206-GAL4>lgr3-RNAi) or the brain (syb-
GAL4>lgr3-RNAi) in animals overexpressing Dilp8 in discs.
Silencing lgr3 in the PG had no effect on FA induced by Dilp8
expression, as expected given the absence of lgr3 expression
in this organ (Figure 4B). By contrast, silencing lgr3 in the brain
efficiently buffered the increase in FA induced by Dilp8 overex-
pression (Figure 4B). To test whether GCL neurons play a
developmental role in controlling bilateral symmetry, we reduced
Lgr3 levels in restricted subsets of neurons in otherwise wild-
type animals and measured fluctuating asymmetry index (FAi).
We found that the pan-neuronal knockdown of lgr3 (syb-
GAL4>lgr3-RNAi) recapitulates the FA phenotype observed in
dilp8 or lgr3 mutant animals (Figures 4C, 4D, and S3). Further-
more, silencing lgr3 in neurons targeted by either lgr3-GAL4 or
R19B09-GAL4 induced a similar level of FA to that observed
upon brain-wide knockdown (Figure 4C). This demonstrates
that Lgr3 signaling in the two GCL neurons is required for the
maintenance of bilateral symmetry and the control of develop-
mental variability.
DISCUSSION
Dilp8 belongs to a diverse family of relaxin- and insulin-like hor-
mones. Whereas somemembers of this family have well-defined
roles in humans, others remain poorly characterized. We here
identify the fly relaxin receptor Lgr3 as a downstream component
of Dilp8 signaling in the coupling of organ growth with animal
maturation. We identify two GCL neurons in the pars intercere-
bralis that make physical contacts with PTTH neurons and there-
fore serve as an intermediate relay between growing tissues and
the PG. It will be of future interest to resolve how Lgr3 signaling in
the GCL neurons mechanistically couples with PTTH activity and
ecdysone production.
Knocking down Lgr3 in the GCL neurons recapitulates the
elevated levels of FA observed in dilp8 or lgr3 mutant animals.
Moreover, ectopic Dilp8 expression also induces FA, which is
buffered by reducing neuronal Lgr3 levels. This indicates that
levels of Dilp8 signaling during development are finely tuned in
order to restrict developmental noise.
The results presented here are consistent with a model
whereby Dilp8 signaling in GCL neurons acts on ecdysone pro-
duction by modulating the activity of PTTH neurons (Figure 4E).
This explains the observed effect of Dilp8 on the timing of the
larva-to-pupa transition. Interestingly, our data also suggest
that Dilp8/Lgr3 signaling in the GCL neurons controls growth co-
ordination of peripheral organs through systemic ecdysone
levels. It was previously proposed that inter-disc growth coordi-
nation relies on systemic effects mediated by ecdysone [6], and
several reports indicate that ecdysone is required for imaginal
tissue growth both in flies and in Lepidoptera [16–19, 21]. Future
research will aim at deciphering the exact mechanism by whicher Ltd All rights reserved
Figure 4. Lgr3 Signaling in theGCLNeurons SynchronizesGrowth of
Peripheral Tissues
(A) Bar histograms of wing disc size in the indicated genotypes, presented as
percent of control disc. Silencing lgr3 in GCL neurons is sufficient to rescue
Dilp8-induced disc growth inhibition. Discs were dissected at 100 hr AED.
Error bars represent SEM, **p < 0.01.
(B–D) Bar histograms showing FA indices (FAi) of left and right wing areas
measured on individuals of the indicated genotypes. Silencing lgr3 in GCL
neurons is sufficient to recapitulate the increase in FAi observed upon pan-
neuronal lgr3 knockdown or in lgr3mutant (ns, non-significant; **p < 0.00001).
(E) Model for growth coordination by GCL neurons.
Current Biology 25, 2723–2systemic ecdysone controls local tissue growth in order to
mediate organ growth coordination.
Interestingly, the Dilp8-Lgr3-PG circuitry shares some charac-
teristics with the hypothalamic-pituitary axis in humans in which
the hypothalamus integrates and relays information about the
state of the body to the pituitary gland through synaptic commu-
nication with other neurons or the release of hormones. The
observation that mammalian RFPs are expressed in the hypo-
thalamus [8] opens the possibility that similar relaxin/RXFP-
dependent mechanisms monitoring the growth status of periph-
eral tissues are at play in humans. In line with this, reduced body
mass, stress induced by heavy surgery, inflammatory diseases,
and dietary restrictions have all been associated with a delay in
puberty [22–24]. We therefore propose that the Dilp8-Lgr3 axis
represents an ancient surveillance mechanism ensuring devel-
opmental stability that may be conserved in higher animals.
EXPERIMENTAL PROCEDURES
Fly Strains and Food
Animals were reared at 25C (or 26.5C for FAi measurement) on fly food con-
taining, per liter, 17 g inactivated yeast powder, 83 g corn flour, 10 g agar, 60 g
white sugar, and 4.6 g Nipagin M.
Transgenic Flies
The Lgr3-GAL4::VP16 construct was generated by modification of the
P[acman] BAC clone CH322-155A11 [25] (obtained from Children’s Hospital
Oakland Research Institute). The selectable markers in pSK+-rpsL-kana were
flanked by500-base pair homology arms (the 50 portion ofGAL4 and 30 termi-
nation sequences, respectively) amplified from theGAL4 vector pBPGUw [10].
This constructwasamplifiedbyPCR toadd Lgr3-specific homologyarmsusing
the followingprimers: senseagt aat tagataagcgagcgt gcaaaacaggagcaaacc
gat aaa tcg ccA TGA AGC TAC TGT CTT CTA TCG AAC AAG C and anti-sense
tag gtt tgc gaa tga tgg aat ttt gaa agg aca tca ctc taa gga ctc acGATCTAAACG
AGT TTT TAA GCA AAC TCA CTC CC (Lgr3-specific sequences are in lower
case; GAL4 and terminator sequences are capitalized), and the cassette was
recombined into the BAC. In a second recombination step, this landing site
was replaced with full-length GAL4::VP16-HSP70 amplified from
pBPGAL4.2::VP16Uw [26]. As a result, the coding portion of the first coding
exon of Lgr3was replaced byGAL4::VP16 (aligned at the ATG initiation codon)
and a new 30 UTR. The final BAC was verified by sequencing the recombined
regions and integrated into attP40 and attP2 sites (adapted from [27]). rn-
LexA was generated by conversion of rn-lacZ enhancer trap line (P(lArB)rn89)
to LexA line using targeted transposition [28]. The LexA-GAD line is a kind gift
from J. Berni and M. Landgraf, University of Cambridge. To generate the
lexAop-dilp8, dilp8 coding sequence was PCR amplified from BDGP EST
cDNAclones IP06470andcloned into thepLot vector (J.Berni andM.Landgraf,
University ofCambridge) using the followingprimers: senseCACCATGAGTTC
AAAGTTGCA T, antisense TTAGCAGAAGAACTCCTCC. The construct has
been introduced into the germline by injections in the presence of a helper
plasmid and inserted on the second or third chromosome (BestGene). The
following RNAi lines were obtained from the TRiP collection at the Bloomington
Stock Center (lgr3 RNAi valium10 [BL28789] and valium22 [BL36887]) or at the
collection of the Vienna Drosophila RNAi Center (VDRC) for lgr4 RNAi (KK
v108915). R19B09-LexA; R19B09-GAL4; UAS-GFP; tub-GAL4; UAS-CD8-
GFP; UAS-CD8-CherryRFP; lexAop-CD8-GFP; Syb-GAL4; repo-GAL4; UAS-
dcr2; dilp8MI00727 ; lexAop2-FLPL ; UAS(FRT.stop)mCD8-GFP ;UAS-DenMark,
UAS-syt.eGFP ; lgr3Df(3R)BSC321, and lexAop-rCD2.RFP;UAS-CD4-spGFP1-10,
lexAop-CD4-spGFP11were obtained from the Bloomington Stock Center. The
P0206-GAL4 line was obtained from Flyview, Universita¨t Mu¨nster. The PTTH-
GAL4 line was a gift from M. O’Connor (University of Minnesota).
lgr3 Mutant
The lgr3 mutant was obtained using the CRISPR/Cas9 technique [29]. To
determine the best genomic region to be targeted, we selected single-guided729, October 19, 2015 ª2015 Elsevier Ltd All rights reserved 2727
RNA (sgRNA) target sequences as 20 nt sequences preceding an NGG PAM
sequence in the genome (GN20GG). Secondary structure and off-target ef-
fects were checked through the use of BLAST applied to the Drosophila
genome. Sequences that perfectly matched the final 12 nt of the target
sequence and NGG PAM sequence were discarded. We generated the
construct in the pCFD4 (Addgene plasmid #49411) using the primers LGR3-
50-KO-pCFD4-FORWARD: TAT ATA GGA AAG ATA TCC GGG TGA ACT TC
gca aac cga taa atc gcc atg gtc ta GTT TTA GAG CTA GAA ATA GCA AG
and LGR3-30-KO-pCFD4-REVERSE: ATT TTA ACT TGC TAT TTC TAG CTC
TAA AAC tag atg tgg cat ggc aaa tca ata c GAC GTT AAA TTG AAA ATA
GGT C (Lgr3-specific sequences are in lower case) and following the protocol
as described in: http://www.crisprflydesign.org/wp-content/uploads/2014/
06/Cloning-with-pCFD4.pdf. Putative mutants were screened by PCR to iden-
tify a deletion on the genomic DNA (DNA preparations made using DNeasy
Blood and Tissue kit, QIAGEN). The mutant PCR product was sequenced,
and DNA breaks point were identified. The lgr3 mutation consists of a 670-
bp deletion including the start codon (see Figure S3).
Genetic Screens
As an unbiased approach to identify receptors required downstream of disc-
secreted Dilp8 to delay larva-to-pupa transition, we used three tester lines
to screen a collection of 150 RNAi lines targeting GPCRs and insulin-like pep-
tide receptors for their ability to rescue the delay at pupariation when ex-
pressed in the glia (w; UAS-dcr2, LOP-dilp8; rn-LexA, repo-GAL4/ TM6b,
tub>GAL80), neurons (w; UAS-dcr2, LOP-dilp8; rn-LexA, syb-GAL4/ TM6b,
tub>GAL80), or PG (w; P0206-GAL4; rn-LexA, LOP-dilp8 / TM6b, tub>GAL80).
Twenty virgins of the tester line were crossed with ten males of each of the
RNAi lines. Six replicates were collected from each cross with collections
from 2 to 4 hr.
Immunostainings of Larval Tissues
Tissues dissected from larvae in 13 PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, 1.47mMKH2PO4, [pH 8]) at the indicated hours after egg deposition
(AED) were fixed in 4% formaldehyde (Sigma) in PBS for 20 min at room tem-
perature, washed in PBS containing 0.1% Triton X-100 (PBT), blocked for 2 hr
in PBT containing 10% FBS (PBS-TF), and incubated overnight with primary
antibodies at 4C. The next day, tissues were washed, blocked in PBS-TF,
and incubated with secondary antibodies at 1/500 dilution (Cy3 conjugated
donkey anti-rabbit, Cy5 conjugated donkey anti-guinea-pig from Jackson
ImmunoResearch, goat anti-chicken Alexa fluor 488 from Invitrogen) for 2 hr
at room temperature. After washing, tissues weremounted in Vectashield con-
taining DAPI for staining of DNA (Vector Labs). Fluorescence images were ac-
quired using a Leica SP5 DS (203 and 403 objectives) and processed using
Adobe Photoshop CS5 or ImageJ. Wing discs areas were measured using
ImageJ.
Antibodies
Chicken anti GFP (1/10,000) from Abcam, rabbit anti-Dsred (1/200) from
Clontech and guinea pig anti-PTTH (1/500) [30] were used.
Pupariation Curves
L1 larvae were collected 24 hr after egg deposition on agar plates with yeast
(4-hr egg collections) and reared in tubes (30 larvae each) containing standard
food (see above). The number of larvae that had pupariated at a given timeAED
was scored every 6 hr.
Measurement of the FAi
L1 larvae were collected 24 hr after egg deposition (4-hr egg collections) and
reared at 30 animals per tube at 26.5C. Adult flies of the appropriate geno-
types were collected and stored in ethanol and mounted in a Euparal solution.
Pictures of dissected wings were acquired using a Leica Fluorescence Stereo-
microscope MZ16 FA with a Leica digital camera DFC 490. Wing areas were
measured using ImageJ. We used the FAi to assess intra-individual size vari-
ation between left and right wing areas as described in [31]. FAi = Var(Ai),
where Ai are the normalized differences between left and right wing area within
a given individual (n > 22). p values are the results of an F test provided by
Microsoft Excel (***p < 0.00001).2728 Current Biology 25, 2723–2729, October 19, 2015 ª2015 ElseviStatistics
p values are the results of a Student’s test provided by Microsoft Excel
(*p < 0.05; **p < 0.01).
Genotypes
The genotypes for Figure 1B are as follows: w; UAS-GFP/+ ; syb-GAL4/+. The
genotypes for Figure 1C are as follows:w; UAS-GFP/+ ; repo-GAL4/+. The ge-
notypes for Figure 1D are as follows: w; UAS-GFP/P0206-GAL4; +. The geno-
types for Figure 1E are as follows: w; + ; + (black); w; UAS-dcr2/+; rn-LexA,
syb-GAL4/+ (gray); w; UAS-dcr2, LOP-dilp8/+; rn-LexA, syb-GAL4/+ (dark
blue);w; UAS-dcr2, LOP-dilp8/ UAS-lgr4 RNAi KK; rn-LexA, syb-GAL4/+ (light
blue); w; UAS-dcr2, LOP-dilp8/+; rn-LexA, syb-GAL4/ UAS-lgr3 RNAi TRIP
valium10 (orange); w; UAS-dcr2, LOP-dilp8/+; rn-LexA, syb-GAL4/ UAS-lgr3
RNAi TRIP valium22 (red).
The genotypes for Figure 2B are as follows:w; UAS-GFP/ lgr3-GAL4; +. The
genotypes for Figure 2C are as follows:w; UAS-GFP/+ ; R19B09-GAL4/+. The
genotypes for Figure 2D are as follows: w; lgr3-GAL4/+ ; + (black); w; lgr3-
GAL4/+; UAS-lgr3 RNAi TRIP valium22/+ (gray); w; +; rn-LexA, LOP-dilp8,
UAS-lgr3 RNAi TRIP valium22/+ (dark blue); w; lgr3-GAL4/+; rn-LexA, LOP-
dilp8/+ (light blue); w; lgr3-GAL4/+; rn-LexA, LOP-dilp8, UAS-lgr3 RNAi TRIP
valium22/+ (red). The genotypes for Figure 2E are as follows: w; +; R19B09-
GAL4/+ (black); w; +; UAS-lgr3 RNAi TRIP valium22/ R19B09-GAL4 (gray);
w; +; rn-LexA, LOP-dilp8/ R19B09-GAL4 (light blue); w; +; rn-LexA, LOP-
dilp8, UAS-lgr3 RNAi TRIP valium22/ R19B09-GAL4 (red).
The genotypes for Figure 3A are as follows: w; R19B09-LexA/ UAS-CD8-
cherryRFP; lgr3-GAL4/ LOP-CD8-GFP. The genotypes for Figure 3B are as fol-
lows: w; R19B09-LexA/ UAS(FRT.stop)mCD8-GFP ; lgr3-GAL4/ LOP-FLP.
The genotypes for Figure 3C are as follows: w; R19B09-LexA/+; LOP-CD8-
GFP/+. The genotypes for Figure 3D are as follows: w; R19B09-LexA/
LOP-CD2.RFP, CoinFLP; PTTH-GAL4/ UAS-CD4-splitGFP1-10, lexAop-
CD4-splitGFP11.
The genotypes for Figure 4A are as follows:w; lgr3-GAL4/+; + (left, white);w;
lgr3-GAL4/+; UAS-lgr3 RNAi TRIP valium22/+ (left, gray); w; +; rn-LexA, LOP-
dilp8, UAS-lgr3 RNAi TRIP valium22/ + (left, blue); w; lgr3-GAL4/+; rn-LexA,
LOP-dilp8, UAS-lgr3 RNAi TRIP valium22/+ (left, red); w; +; R19B09-GAL4/+
(right, white); w; +; UAS-lgr3 RNAi TRIP valium22/ R19B09-GAL4 (right,
gray); w; +; rn-LexA, LOP-dilp8/ R19B09-GAL4 (right, blue); w; +; rn-LexA,
LOP-dilp8, UAS-lgr3 RNAi TRIP valium22/ R19B09-GAL4 (right, red). The ge-
notypes for Figure 4B are as follows, from left to right: w; P0206-GAL4/ +; rn-
LexA, LOP-dilp8 /+ (white); w; P0206-GAL4/ +; rn-LexA, LOP-dilp8/ UAS-lgr3
RNAi TRIP valium22 (black);w; UAS-dcr2, LOP-dilp8/+; rn-LexA, syb-GAL4/ +
(white); w; UAS-dcr2, LOP-dilp8/+; rn-LexA, syb-GAL4/ UAS-lgr3 RNAi TRIP
valium22 (black). The genotypes for Figure 4C are as follows, from left to right:
w; P0206-GAL4/ +; + (white); w; P0206-GAL4/ +; UAS-lgr3 RNAi TRIP
valium22/+ (black); w; +; syb-GAL4/+ (white); w; +; syb-GAL4/ UAS-lgr3
RNAi TRIP valium22 (black); w; + ; R19B09-GAL4/+ (white); w; + ; R19B09-
GAL4/ UAS-lgr3 RNAi TRIP valium22 (black); w; lgr3-GAL4/ +; + (white); w;
lgr3-GAL4/ +; UAS-lgr3 RNAi TRIP valium22/+ (black). The genotypes for Fig-
ure 4D are as follows, from left to right:w; +; + (white);w; +; lgr3Df/+ (gray);w; +;
lgr3mut/+ (gray); w; +; lgr3Df/ lgr3mut (black); w; +; dilp8MI00727/+ (gray); w; +;
dilp8MI00727/ dilp8MI00727 (black).
The genotypes for Figures S1A and S1C–S1C0 0 0 are as follows: w; lgr3-
GAL4/+; UAS-DenMark, UAS-syt.eGFP/+. The genotypes for Figure S1B are
as follows: w; +; PTTH-GAL4/ UAS-DenMark, UAS-syt.eGFP.
The genotypes for Figure S2 are as follows, from left to right: w; +; tub-
GAL4/+ (white); w; +; UAS-lgr3 RNAi TRIP valium22/ tub-GAL4 (gray); w; +;
syb-GAL4/+ (white); w; +; UAS-lgr3 RNAi TRIP valium22/ syb-GAL4 (gray).
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